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Summary
The Tec family tyrosine kinases, Itk and Rlk, are
expressed in thymocytes and peripheral T cells and
regulate thresholds of T cell receptor signaling. Yet
little is known about the specific role of Itk- and Rlk-
dependent signals in CD8+ T cell maturation. We
show here that Itk2/2 andRlk2/2Itk2/2micewere nearly
devoid of conventional CD8+ T cells and, instead,
contained a large population of CD8+ T cells that bear
striking similarity to lineages of innate lymphocytes.
Itk2/2 and Rlk2/2Itk2/2 CD8+ thymocytes and T cells
wereCD44hi, CD122+, andNK1.1+; were able to produce
interferon-g directly ex vivo; and were dependent on
interleukin-15. Itk2/2 andRlk2/2Itk2/2CD8+ thymocytes
expressedabundant transcripts for theTbox transcrip-
tion factor, eomesodermin, correlating with their phe-
notype and function. These data indicate a critical role
for Itk andRlk in conventional CD8+ T cell development
in the thymus.
Introduction
T cell development in the thymus is regulated by multi-
ple independent signals that derive from interactions
between thymocytes and thymic stromal cells. In partic-
ular, as thymocytes progress from the CD4+CD8+ dou-
ble-positive (DP) stage to the CD4+ or CD8+ single-pos-
itive (SP) stage, the specificity of the TCR, as well as the
strength of signaling through this receptor, plays a key
role in determining the lineage of T cell that develops.
Conventional CD4+ or CD8+ T cells, CD4+ NKT cells,
CD8+ H2-M3-specific T cells, and CD4+CD25+ regula-
tory T cells all arise from distinct types of TCR signaling
at the DP stage of development (Baldwin et al., 2004;
Bendelac et al., 2001; Gavin and Rudensky, 2003; Picca
and Caton, 2005; Starr et al., 2003; Urdahl et al., 2002).
Currently, the signaling pathways that distinguish all
of these alternative developmental lineages have not
been well-described. For the maturation of conventional
CD4+ and CD8+ T cells, several signaling molecules
proximal to the TCR have been implicated in the modu-
lation of TCR signaling. Among them are the MAP
kinases Erk, Jnk, and p38 (Berg and Kang, 2001; Rincon
et al., 1998). In addition, the activity of the tyrosine
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3 These authors contributed equally to this work.kinase p56Lck is critical for conventional T cell develop-
ment and also plays a role in determining CD4 versus
CD8 lineage commitment (Zamoyska et al., 2003). Inter-
estingly, although several molecules important for CD4
lineage development have been identified, including
Lck, GATA-3, and Th-POK (Kappes et al., 2005), no spe-
cific pathways downstream of the TCR have yet been
found that are essential only for conventional CD8+
T cell development. In contrast to these conventional
T cell lineages, NKT cell development is not dependent
on Ras-MAP kinase signaling or on Lck but does require
the src family kinase, FynT, protein kinase C-q, and the
adaptor protein SAP, molecules that are dispensable
for conventional T cell development (Chung et al.,
2005; Eberl et al., 1999; Gadue et al., 1999; Nichols
et al., 2005; Pasquier et al., 2005; Schmidt-Supprian
et al., 2004; Stanic et al., 2004). These findings illustrate
the role of distinct T cell signaling proteins in directing
these important lineage decisions.
The Tec family kinases Itk and Rlk are important dur-
ing T cell development and, in particular, have been
implicated in setting the thresholds of positive and neg-
ative selection. Specifically, positive selection of CD4+
SP thymocytes is impaired in Itk2/2 and Rlk2/2Itk2/2
mice, a fact reflected by the lower percentages and total
numbers of CD4+ SP thymocytes and peripheral cells
(Liao and Littman, 1995; Lucas et al., 2002; Schaeffer
et al., 2000). In addition, the absence of Itk lowers the
positive selection efficiency of MHC class II-specific
TCR transgenic T cells as compared to wild-type litter-
mate controls. In the case of the MHC class I-specific
TCR expressed in the H-Y transgenic line, the absence
of Itk abolished positive selection altogether (Liao and
Littman, 1995; Schaeffer et al., 2000). Additional studies
with MHC class I-specific Itk2/2 and Rlk2/2Itk2/2 H-Y
TCR transgenic male mice demonstrated that there is
a shift from negative selection to positive selection in
these mice (Schaeffer et al., 2000). Overall, these studies
demonstrate that, in addition to determining the magni-
tude of TCR signaling, Tec kinases influence the path-
ways activated by TCR signaling and thereby regulate
the fate of conventional TCR ab+ thymocytes.
In spite of the studies described above, the role of Itk
and Rlk in CD8+ T cell development has remained
obscure. In contrast to the decrease in percentage and
total numbers of CD4+ SP thymocytes in the thymi of
Itk2/2 and Rlk2/2Itk2/2 mice, there is an increase in
both the percentage and total number of CD8+ SP thy-
mocytes in the thymi of these mice. Given the impor-
tance of Itk and Rlk in the modulation of the signaling
threshold for positive selection, this increase has been
hypothesized to be due to a switch in lineage commit-
ment from the CD4+ to the CD8+ SP lineage (Schaeffer
et al., 2000). We investigated this possibility using
MHC II-restricted TCR transgenics on a variety of select-
ing backgrounds but found no evidence suggesting that
CD4-to-CD8 lineage switching is occurring in the Itk2/2
mice (Lucas et al., 2002).
These earlier studies left unresolved the role of Itk and
Rlk in CD8+ T cell differentiation. Furthermore, these data
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80Figure 1. CD8+ T Cells in Itk2/2 and Rlk2/2Itk2/2 Mice Resemble Previously Activated T Cells
(A and B) Dot plots show CD4 versus CD8 profiles of wild-type, Itk2/2, and Rlk2/2Itk2/2 (A) thymocytes or (C) lymph node cells. Numbers in each
quadrant indicate percentages of each subpopulation. The histograms below show (A) CD44, CD122, and HSA expression on gated CD8+ TCRhi
SP thymocytes or (C) CD44, CD122, and CD62L expression on gated CD8+ TCRhi lymph node cells. Numbers indicate percentage of CD44hi,
CD122hi, HSAlo, or CD62Lhi cells, respectively. Data are representative of one of two experiments.
(C and D) Dot plots show CD8 versus CD44 profiles of 5-week-old wild-type, Itk2/2, andRlk2/2Itk2/2 (B) thymocytes or (D) splenocytes. Numbers
by each region indicate percentages of each subpopulation. The dot plots below show TCRb versus NK1.1 staining on gated CD8+CD44lo (blue)
or CD8+CD44hi (red) populations. Data are representative of three independent experiments.
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tinct role in the CD8+ T cell maturation process com-
pared to their function in signaling pathways required
for CD4+ T cell differentiation. Consistent with this hy-
pothesis, we observed that the CD8+ SP thymocytes in
Itk2/2 (Lucas et al., 2002) and Rlk2/2Itk2/2 mice have
a mature and activated phenotype, similar to that of ho-
meostatically expanded or memory T cells, as well as T
cells selected on nonclassical MHC class I-b molecules
(Urdahl et al., 2002). These intriguing similarities promp-
ted us to investigate the origin of the CD8+ CD44hi SP thy-
mocytes in Itk2/2 and Rlk2/2Itk2/2 mice. Our data indi-
cate that the predominant population of CD8+ SP
thymocytes and peripheral T cells in Itk2/2 and
Rlk2/2Itk2/2mice are distinct from conventional TCRab+
CD8+ T cells in that they express CD122 and NK1.1, in ad-
dition to high amounts of CD44, and are able to produce
IFN-g directly ex vivo. Analysis of Itk2/2IL15 mice also
demonstrates that these memory phenotype CD8+ T
cells are completely dependent on IL-15 for their accu-
mulation in the thymus and their maintenance in the pe-
riphery. Finally, unlike conventional CD8+ SP thymo-
cytes, Itk2/2 and Rlk2/2Itk2/2 CD8+ SP thymocytes
express high amounts of the T box transcription factor,
eomesodermin. As eomesodermin is usually induced
during the differentiation of conventional naive CD8+ T
cells into cytolytic effector cells and is associated with
CD8+ T cell effector function, these findings provide a po-
tential mechanism for the memory cell phenotype and
function of Itk2/2 and Rlk2/2Itk2/2 CD8+ SP thymocytes
and T cells. Taken together, this list of features that dis-
tinguish Itk2/2 and Rlk2/2Itk2/2 CD8+ SP thymocytes
and T cells from their wild-type counterparts provides
compelling evidence indicating that the Tec kinase-defi-
cient CD8+ cells represent a distinct lineage from con-
ventional TCRab+ CD8+ T cells. Thus, we conclude that,
in the absence of Itk and Rlk, few conventional naive
CD8+ T cells develop, indicating that Itk and Rlk are crit-
ical factors in the signaling pathway leading to conven-
tional CD8+ T cell differentiation.
Results
Itk2/2 and Rlk2/2Itk2/2 Mice Are Nearly Devoid
of Normal Naive CD8+ T Cells
The Tec kinases Itk and Rlk have been implicated in the
TCR signals leading to positive selection (Liao and Litt-
man, 1995; Lucas et al., 2002). However, we found that
the proportions and total numbers of CD8+ SP thymo-
cytes in Itk2/2 and Rlk2/2Itk2/2 mice are not reduced
compared to those of wild-type mice (Figures 1 and 2).
In addition, the fractions of CD8+ T cells in the peripheries
of Itk2/2 and Rlk2/2Itk2/2 mice are comparable to those
seen in wild-type mice. In the thymus, Itk2/2 and
Rlk2/2Itk2/2 have a 3-fold increase in the percentages
and total numbers of CD8+ SP cells (Figure 1A andSchaeffer et al. [2000]); CD8+ SP thymocytes, wild-type,
3.5%6 0.3%, Itk2/2, 11.3%6 0.6%, p < 0.0001; absolute
numbers CD8+ SP thymocytes, wild-type, 5.66 0.83 106,
Itk2/2 14.06 0.2 3 106, p < 0.0019).
However, closer analysis revealed that the majority of
CD8+ thymocytes in Itk2/2 and Rlk2/2Itk2/2 mice do
not resemble normal CD8+ SP thymocytes. Instead,
these cells have a mature and previously activated phe-
notype (Figures 1A and 1C and Lucas et al. [2002]). Al-
though our previous study showed that Itk2/2 CD8+ SP
thymocytes are predominantly CD44hi, HSAlo, we now
demonstrate that both Itk2/2 and Rlk2/2Itk2/2 CD8+ SP
thymocytes are CD44hi, CD122+, HSAlo, and NK1.1int
but are also CD69lo and CD25lo (Figures 1A and 1B and
data not shown), indicating their similarity to memory
T cells that usually reside in the periphery. Itk2/2 and
Rlk2/2Itk2/2 CD8+ SP thymocytes are also distinct from
intraepithelial CD8+ TCRab+ and TCRgd+ T cells (Cher-
outre, 2005) and other subsets of innate-like lympho-
cytes (Yamagata et al., 2004), in that they express
CD8ab, rather than the CD8aa homodimer (see Figure S1
in the Supplemental Data available with this article
online). Approximately 85% of the CD8+ T cells in the
periphery of Itk2/2 and Rlk2/2Itk2/2 mice are also
CD44hi and have increased expression of other memory
markers such as CD122 and NK1.1, while still expressing
high amounts of CD62L (Figures 1C and 1D). Furthermore,
similar to the CD8+ SP thymocytes, these peripheral
CD44hi CD8+ T cells donot express other markers ofacute
activation, such as CD25 or CD69 (data not shown).
Activated or memory peripheral CD8+ CD44hi T cells
are characterized by their ability to secrete effector cyto-
kines immediately ex vivo in response to stimulation. To
determine whether the CD8+ CD44hi SP cells in the
thymus and spleen of Itk2/2 and Rlk2/2Itk2/2 mice are
functionally as well as phenotypically similar to activated
peripheral T cells, we examined their ability to secrete the
effector cytokine, IFN-g. In response to ex vivo stimula-
tion with PMA and ionomycin, a large proportion of
Itk2/2 and Rlk2/2Itk2/2 CD8+ CD44hi SP thymocytes
and peripheral T cells produce IFN-g (Figure 1E). As
this population of cells is absent from wild-type thymi,
there was no corresponding effector cytokine produc-
tion by wild-type CD8+ SP thymocytes (Figure 1E). An-
other functional characteristic of CD8+ memory T cells
is the ability to upregulate Bcl-xL in response to IL-15
(Ilangumaran et al., 2003a, 2003b). To assess this re-
sponse, we incubated thymocytes from wild-type,
Itk2/2, and Rlk2/2Itk2/2 mice in media containing IL-15
for 48 hr. As shown in Figure 1F, the CD8+ SP thymocytes
from Itk2/2 and Rlk2/2Itk2/2mice exhibit a dramatic up-
regulation of Bcl-xL in response to IL-15 compared to
that seen with wild-type CD8+ SP thymocytes. These
findings also suggest that Itk2/2 and Rlk2/2Itk2/2 CD8+
SP thymocytes would show enhanced survival in re-
sponse to IL-15 in vivo. Thus, the vast majority CD8+(E) Thymocytes (top row) and splenocytes (bottom row) from wild-type, Itk2/2, and Rlk2/2Itk2/2 mice were stimulated with PMA and ionomycin
for 5 hr, and IFN-gproduction was assessed by intracellular staining. Dot plots show IFN-g versus CD44 staining on gated CD8+ cells. Numbers in
each quadrant indicate percentages of each subpopulation. Data are representative of two independent experiments.
(F) Thymocytes from wild-type, Itk2/2, and Rlk2/2Itk2/2 mice were stimulated with IL-15 for 48 hr, and Bcl-xL expression was determined by
intracellular staining. Histograms show Bcl-xL expression on gated CD8+ thymocytes. The wild-type sample is depicted by the thick black
line, Itk2/2 by the thin red line and Rlk2/2Itk2/2 by the dashed blue line. The numbers indicate percentages of each population showing Bcl-xL
staining above that of the isotype control antibody (data not shown). Data are representative of two independent experiments.
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82Figure 2. The Altered Phenotype of Itk2/2 CD8+ Thymocytes Is Detectable by Day 4 Postgestation
(A) Wild-type and Itk2/2 neonatal day 1.5 (left two panels) and day 4 (right two panels) thymocytes were stained with antibodies to CD4 and CD8.
The numbers in each quadrant indicate the percentage of cells in each subpopulation. Histograms of CD44 expression on gated CD8+ SP
thymocytes are depicted below. Numbers indicate the percentage of CD8+ SP thymocytes expressing high levels of CD44. Data are represen-
tative of three independent experiments for each time point with a minimum of three mice of each genotype per time point.
(B) The percentages and total numbers of CD8+ SP thymocytes and peripheral T cells developing in wild-type and Itk2/2 mice were assessed at
the indicated time points from birth to adulthood. For thymocytes, absolute numbers of TCRhi CD8SP are shown; for splenocytes, absolute num-
bers of total CD8+ T cells are shown. Data were generated in a blind manner, and genotypes were determined afterwards. Data are compiled from
a minimum of two experiments per time point with a minimum of two mice of each genotype per time point.
(C) CD44 expression on gated CD8+ thymocytes and splenocytes from 1-week-, 2-week-, 3-week-, and 6-week-old mice. Numbers indicate the
percentage of CD44hi cells among the gated population. Data are representative of a minimum of two experiments, each performed with
a minimum of three mice per group.CD44hi cells in the thymus of Itk2/2andRlk2/2Itk2/2mice
are functionally as well as phenotypically similar to acti-
vated or memory peripheral CD8+ T cells and are not rep-
resentative of normal naive CD8+ SP thymocytes.
Itk2/2 CD8+ Memory Phenotype Thymocytes
Are First Detectable at Postnatal Day 4
The finding that CD8+ SP thymocytes in Itk2/2 and
Rlk2/2Itk2/2 mice resemble previously activated or
memory peripheral CD8+ T cells rather than wild-type
CD8+ SP thymocytes raised the question of the develop-
mental origin of these cells. For instance, does this pop-
ulation of cells arise first in the thymus and then migrateto the periphery, or are these cells actually peripheral ac-
tivated or memory CD8+ T cells that have recirculated
back into the thymus? To examine this issue, we first as-
sessed the emergence of the CD8+ CD44hi cell pheno-
type in Itk2/2 mice by performing a longitudinal study
of CD8+ SP thymocyte and peripheral T cell develop-
ment from birth through the first 7 weeks of life. An in-
creased proportion of CD8+ CD44hi thymocytes first ap-
peared at 4 days after birth in Itk2/2 mice compared to
wild-type controls (Figure 2A). Furthermore, from the
age of 2 weeks onward, total CD8+ SP thymocytes accu-
mulate, both in percentage and absolute numbers, in
Itk2/2 mice as compared to controls (Figure 2B). The
Tec Kinases Regulate CD8+ Thymocyte Maturation
83Figure 3. Altered CD8+ T Cell Differentiation
in the Absence of Tec Family Kinases Is In-
trinsic to Bone Marrow-Derived Cells
Wild-type, Itk2/2, and Rlk2/2Itk2/2 bone mar-
row chimeric mice were analyzed 12 weeks
after reconstitution. Dot plots (A) show CD4
versus CD8 staining on donor-derived cells
(CD45.2+). The numbers in each quadrant
indicate the percentage of cells in each
subpopulation. The histograms below (B)
show CD44 expression on CD45.2+ CD8+
SP thymocytes. Numbers indicate the per-
centage of CD44hi cells among the gated
population. Data are representative of four
wild-type, four Itk2/2, and eight Rlk2/2Itk2/2
chimeras analyzed.increased numbers of CD8+ SP thymocytes in Itk2/2
mice is accompanied by a transient deficit in the num-
bers of peripheral CD8+ T cells in these mice relative to
wild-type controls. This deficit persists until the mice
arew7–8 weeks of age (Figure 2B). We do not have di-
rect evidence indicating whether this arises due to de-
creased thymic emigration or impaired survival of
Itk2/2 CD8+ T cells; however, all of our data indicate no
apparent difference in survival between Itk2/2 and con-
trol CD8+ T cells (data not shown). Overall, these kinetic
data suggest that CD8+ CD44hi T cells first arise in the
thymus of Itk2/2 mice.
The CD8+ cells emerging into the periphery of both
wild-type and Itk2/2mice at early time points (1–2 weeks
after birth) have distinctly similar CD44hi profiles
(Figure 2C). This is likely due to the fact that the first mi-
grants into the periphery of young mice undergo lympho-
penia-induced proliferation in response to the ‘‘space’’ in
the peripheral lymphoid organs, a phenomenon that is
accompanied by CD44 upregulation (Kelly and Scollay,
1990). These CD44hi cells remain to constitute a fraction
of the CD44hi cells typically found in the peripheral
lymphoid organs (Schuler et al., 2004). However, the fre-
quency of these cells gradually diminishes in wild-type
spleens, as cells continually migrate from the thymus
into the periphery, filling up space and preventing further
proliferation of the newly emigrated cells from the thy-
mus (Figure 2C). The preferential accumulation of
CD44hi CD8+ SP thymocytes in the thymi of Itk2/2 mice
as compared to wild-type mice, as well as the persis-
tence of this population over time in the periphery of
Itk2/2 mice, strongly suggests that the activated or
memory CD8+ phenotype typical of Itk2/2mice develops
first in the thymus.
The Altered Development of Itk2/2 and Rlk2/2Itk2/2
CD8+ Thymocytes Is Cell Intrinsic
In addition to homeostatic proliferation, CD8+ T cells
have been shown to upregulate CD44 expression and
to become phenotypically and functionally mature in re-
sponse to cytokines. In particular, the CD8+ T cell popu-lations found in both IL-7 (Kieper et al., 2002) and IL-15
(Berard et al., 2003) transgenic mice that overexpress
these cytokines are strikingly similar to the CD8+ T cells
present in Itk2/2 and Rlk2/2Itk2/2 mice. Therefore, we
chose to examine whether the altered development
of Itk2/2 and Rlk2/2Itk2/2 CD8+ T cells was due to de-
fects intrinsic to the developing T cells or, alternatively,
due to an altered cytokine environment in Itk2/2 and
Rlk2/2Itk2/2 mice. To address this question, we gener-
ated bone marrow chimeric mice in which wild-type,
Itk2/2, or Rlk2/2Itk2/2 bone marrow was injected into le-
thally irradiated wild-type congenic mice (Figure 3). After
reconstitution, the emergence of CD44hi cells in the
CD8+ SP compartment of the thymus is readily apparent
in mice reconstituted with Itk2/2 or Rlk2/2Itk2/2 bone
marrow, but not in thymi of mice reconstituted with
wild-type bone marrow (Figure 3B). Thus, the altered
CD8+ T cell development in the absence of Itk, or Itk
and Rlk, is not due to abnormalities of Itk2/2 or
Rlk2/2Itk2/2 nonhematopoietic stromal cells.
Itk2/2 CD44hi CD8+ Thymocytes and T Cells Are Not
Proliferating or Aberrantly Homing to the Thymus
CD44 expression on CD8+ T cells is upregulated after
antigen-specific activation and expansion or, alterna-
tively, after cells have undergone lymphopenia-induced
proliferation (Murali-Krishna and Ahmed, 2000; Murali-
Krishna et al., 1999). To determine whether Itk2/2 CD8+
SP thymocytes and peripheral T cells were actively pro-
liferating, we analyzed BrdU incorporation of CD8+
CD44hi cells in the thymus and spleen of Itk2/2 mice.
Mice were injected with BrdU and analyzed 12 hr later.
As the majority of thymocyte proliferation occurs after
pre-TCR stimulation, BrdU is primarily incorporated by
CD324282 thymocytes and cells in transition to the
CD4+8+ stage. After this transition, the majority of DP
thymocytes are not in cycle (Vasseur et al., 2001). Simi-
larly, in the periphery of unimmunized nonlymphopenic
mice, there is normally very little proliferation of naive
T cells. After BrdU injection, a clear population of
BrdU+ DP thymocytes is apparent in both wild-type
Immunity
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Proliferating and Do Not Preferentially Mi-
grate to the Thymus
(A) Mice were injected with BrdU and incorpo-
ration was assessed 12 hr later to determine
the percentage of cells actively proliferating
in wild-type (solid blue line) and Itk2/2 (solid
pink line) mice. The dashed line shows cells
from uninjected mice stained with the anti-
BrdU antibody. Numbers indicate the percent-
age of cells of each genotype in the positive
gate. Data are representative of three inde-
pendent experiments.
(B) Wild-type CD8+ CD44lo (2 3 106), Itk2/2
CD8+ CD44lo (2 3 106), and Itk2/2 CD8+
CD44hi (4 3 106) cells (all CD45.2+) were
adoptively transferred into CD45.1+ wild-
type congenic mice, and the presence of
the transferred cells in various organs was
analyzed 7 days later. Numbers represent
the percentage of CD45.2+ cells in each organ
at the time of analysis. Results are represen-
tative of two experiments with three mice per
condition.and Itk2/2 mice, demonstrating that comparable
amounts of BrdU were present in both mice (Figure 4A).
When CD8+ SP thymocytes were examined, we de-
tected little proliferation in the mature HSAlo CD8+ SP
fraction of either thymus, and the fraction of BrdU+
HSAlo CD8+ SP cells in the Itk2/2 thymus was even
smaller than in the wild-type thymus. Analysis of the pe-
ripheral splenic CD8+ T cells also revealed no increased
proliferation of the Itk2/2 cells compared to the wild-
type controls (Figure 4A). Thus, Itk2/2 CD8+ thymocytes
and peripheral T cells are not accumulating due to in-
creased proliferation either in the thymus or the spleen.
Although conventional T cells do not typically acquire
a CD44hi phenotype in the thymus, they can gain access
to the thymus as a result of recirculation from the periph-
ery (Agus et al., 1991; Michie and Rouse, 1989). To exam-
ine the possibility that peripheral Itk2/2CD8+ CD44hi cells
were preferentially homing to thymus from the periphery,
purified wild-type or Itk2/2 CD8+ thymocytes (CD45.2+)
were injected into CD45.1+ congenic wild-type mice,
and the ability of these transferred cells to migrate back
to the thymus of the recipients was assessed. To maxi-
mize our ability to detect migration of Itk2/2 CD44hi
CD8+ cells to the thymus, we injected 2-fold more of these
cells relative to the numbers of wild-type or Itk2/2CD44lo
subsets. Although the transferred Itk2/2 CD8+ CD44hi
cells were easily detectable in the spleen and lymph no-
des of the recipient mice, no transferred cells could be
found in the thymus of the host mice (Figure 4B). This
was also the case for CD8+ CD44lo thymocytes purified
from either Itk2/2 or wild-type mice. Furthermore, when
recipients were monitored for up to 16 days after adop-tive transfer, we observed no differences in the relative
survival rates of Itk2/2 versus wild-type CD8+ cells.
Thus, the accumulation of CD8+ CD44hi cells in the thymi
of Itk2/2 mice is not due to preferential migration of
peripheral Itk2/2 CD8+ CD44hi cells to the thymus.
Normal CD8+ T Cell Differentiation Is Restored
in Itk2/2 OT-1 TCR Transgenic Mice
Altogether, these data suggest that the unusual CD8+
phenotype we observe in Itk2/2 mice is likely due to
altered development of CD8+ T cells in the thymus. Pre-
viously we have shown that the avidity of the TCR on
developing CD4+ thymocytes influences the outcome
of positive selection in Itk-deficient mice. For instance,
development of mature CD4+ T cells is dramatically im-
paired when the cells express a low avidity TCR, whereas
the number of mature CD4+ T cells that develop when the
cells express a high avidity TCR is comparable to that
observed in Itk-sufficient mice (Lucas et al., 2002). This
is in agreement with studies of TCR signaling in Itk2/2pe-
ripheral T cells, which have shown that the absence of Itk
causes more substantial defects when the stimulus is
suboptimal (Miller and Berg, 2002; Miller et al., 2004;
Wilcox and Berg, 2003). Thus, we were interested in
determining if the defects in CD8+ T cell development
observed in Itk2/2 mice arise as a result of impaired
TCR signaling during positive selection. If this were the
case, one would predict that the accumulation of
CD44hi CD8+ SP thymocytes would not occur in Itk2/2
mice crossed to an MHC class I-specific TCR transgenic
line if the TCR chosen is very efficiently selected in the
thymus.
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85Figure 5. Conventional Development of CD8+
T Cells Is Restored in OT-I TCR Transgenic
Itk2/2 Mice
(A) Thymocytes and (B) lymph node cells from
8-week-old OT-I itk+/2 and OT-I Itk2/2 mice
were analyzed for expression of CD4 and
CD8 (top row). In the dot plots below, gated
CD8+ populations were examined for the ex-
pression of the transgenic TCR by staining
with anti-Va2 and anti-Vb5. The numbers in
each quadrant indicate the percentage of
cells in each subpopulation. Absolute num-
bers were as follows: for Va2+Vb5+ CD8SP
thymocytes, Itk+/2 8.0 6 2.6 3 106, Itk2/2
8.6 6 4.2 3 106; for Va2+Vb5+ CD8+ lymph
node cells, Itk+/2 9.5 6 3.1 3 106, Itk2/2
8.5 6 5.1 3 106. Histograms (bottom row)
show HSA expression on CD8+SP thymo-
cytes and CD44 expression on the CD8+
lymph nodes cells. Data are representative
of four mice of each genotype analyzed.To test this possibility, we crossed Itk2/2 mice to the
TCR transgenic OT-1+ line. The OT-1 TCR has a relatively
high avidity for positively selecting ligands in the thymus
(Kirchner and Bevan, 1999). In support of this hypothe-
sis, we found that the maturation of CD8+ T cells with
high expression of the OT-1 TCR was only slightly re-
duced in the absence of Itk (Figure 5). This is in contrast
to previous data showing that the CD8+ T cells express-
ing the H-Y TCR fail to be selected in the absence of Itk
(Liao and Littman, 1995; Schaeffer et al., 2000). Further-
more, as compared to non-TCR-transgenic Itk2/2 mice,
which accumulate a population of mature HSAlo cells in
the thymus not found in wild-type mice, OT-1 Itk2/2mice
lack this population (Figures 5 and 1A). In addition, the
CD44 profiles of wild-type versus Itk2/2 OT-1+ CD8+
SP thymocytes and peripheral CD8+ T cells were identi-
cal (Figure 5 and data not shown). Thus, when positive
selection signals are strong, and thus largely indepen-
dent of Itk, CD8+ differentiation proceeds normally,
and there is no accumulation of CD44hi CD8+ SP thymo-
cytes or peripheral T cells. These results are consistent
with those obtained by Broussard et al., in which these
defects in CD8+ T cell development were suppressed
by the expression of a hypersensitive allele of ERK2 in
Itk-deficient mice (Broussard et al., 2006, [this issue of
Immunity]). Altogether, these data indicate that impaired
TCR signaling in the absence of Itk prevents the normal
development of the majority of conventional CD8+ SP
thymocytes.
Nonconventional CD8+ T Cell Development
in Itk Mice Is Dependent on IL-15
The data described above strongly suggest that the vast
majority of Itk2/2 CD8+ SP thymocytes and peripheral
T cells represent a nonconventional lineage of CD8+
T cells and that the development of these cells depends
on reduced TCR signaling during selection. In addition,the data of Broussard et al. indicate that large popula-
tions of CD8+ thymocytes still develop when Itk2/2 and
Rlk2/2Itk2/2 bone marrow is used to reconstitute irradi-
ated b2m hosts, demonstrating that these cells are se-
lected on MHC class I molecules expressed on hemo-
poietic cells (Broussard et al., 2006). Positive selection
mediated by MHC molecules expressed on hemopoietic
cells, rather than on radiation-resistant thymic epithe-
lium, is a characteristic of alternative lineages of ab
TCR+ T cells, such as NKT cells and H2-M3-restricted
T cells, that are specific for ligands bound to nonclassi-
cal MHC class I-b molecules (Bix et al., 1993; Ohteki and
MacDonald, 1994; Urdahl et al., 2002). Where it has been
examined, these T cell lineages are also exquisitely de-
pendent on IL-15 for their maintenance in the periphery
(Kennedy et al., 2000; Ohteki, 2002; Ranson et al., 2003),
a feature not shared by conventional naive CD8+ T cells.
To test the hypothesis that Itk2/2 CD8+ T cells repre-
sent an IL-15-dependent lineage, we crossed Itk2/2
mice to Il152/2 mice. Both the percentage and absolute
numbers of CD8+ SP thymocytes were reduced in
Itk2/2Il152/2 mice, to an amount nearing that seen in
wild-type mice (Figure 6A). In addition, the remaining
CD8+ SP thymocytes in Itk2/2Il152/2mice show a normal
profile of CD44 expression. However, more strikingly,
Itk2/2Il152/2 mice were nearly devoid of CD8+ T cells
in the periphery (Figure 6B). In terms of absolute cell
numbers, Itk2/2Il152/2 mice have a 23-fold reduction
in peripheral CD8+ T cells compared to wild-type mice
and a 7-fold reduction compared to IL-15-sufficient
Itk2/2 mice. This was in contrast to the w2-fold loss in
total CD8+ T cell numbers andw3-fold reduction in num-
bers of CD8+ CD44hi T cells in single IL-15-deficient mice
compared to wild-type controls. Thus, Itk2/2 CD8+
CD44hi T cells are far more dependent on IL-15 than their
wild-type counterparts, including wild-type memory
phenotype CD8+ T cells, and in this regard more closely
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(A) Thymocytes and (B) lymph node cells isolated from wild-type, Itk2/2, Il152/2, and Itk2/2Il152/2mice were stained for expression of CD4, CD8,
and CD44. Dot plots show CD4 versus CD8 staining (top row) and CD8 versus CD44 staining (bottom row), with the numbers in each region
indicating the percentage of cells in each subpopulation. The graphs below show the means of the absolute cell numbers 6 SEM for each
subpopulation. Data are generated from a minimum of six mice from four independent experiments per group.resemble NKT cells than they do conventional TCRab+
CD8+ T cells (Kennedy et al., 2000). Together, these
data strongly suggest that CD8+ T cell development in
the absence of Itk is restricted to an alternative lineage
of T cells that are stringently dependent on IL-15 for their
maintenance in peripheral lymphoid organs.
Eomesodermin Is Upregulated in Itk2/2
and Rlk2/2Itk2/2 Thymocytes Undergoing
Positive Selection
One striking aspect of the altered phenotype of Itk2/2
and Rlk2/2Itk2/2 CD8+ SP thymocytes is their ability to
produce IFN-gwhen stimulated immediately ex vivo. To-
gether with the unique cell surface phenotype of these
cells, this finding suggested that Itk2/2 and Rlk2/2Itk2/2
CD8+ SP thymocytes are expressing a genetic program
similar to that of conventional CD8+ effector T cells. As
several aspects of CD8+ T cell effector function have
recently been shown to be regulated by the T box tran-
scription factor, eomesodermin (Tbr2) (Pearce et al.,
2003), we investigated whether Itk2/2 and Rlk2/2Itk2/2
thymocytes showed altered expression of eomesoder-
min. For this experiment, mRNA was prepared from
sorted DP, CD4+ SP, and CD8+ SP thymocytes isolated
from wild-type, Itk2/2, and Rlk2/2Itk2/2 mice. Eomeso-
dermin transcripts were then determined by real-time
quantitative RT-PCR. All three subsets of wild-type thy-
mocytes express low amounts of eomesodermin mRNA(Figure 7A). In contrast, Itk2/2 and Rlk2/2Itk2/2 CD8+
SP thymocytes had w100-fold increased amounts of
eomesodermin mRNA compared to wild-type controls.
Because IFN-g transcription in CD8+ T cells can also
be regulated by the related transcription factor, T-bet
(Sullivan et al., 2003), and, in addition, T-bet expression
is disregulated in Itk2/2 CD4+ T cells (Miller et al., 2004),
we examined the amount of T-bet mRNA in Itk2/2 and
Rlk2/2Itk2/2 CD8+ SP thymocytes. In contrast to the
findings with eomesodermin, we found no increased ex-
pression of T-bet mRNA in both Itk2/2 and Rlk2/2Itk2/2
CD8+ SP thymocytes relative to wild-type control cells
(data not shown).
To determine the precise stage in CD8+ thymocyte de-
velopment at which eomesodermin transcripts are upre-
gulated, we further sorted thymocytes into prepositive
selection DP (CD4+CD8+ TCRlo CD69lo), DP undergoing
positive selection (CD4+CD8+ TCRhi CD69hi), newly aris-
ing CD8+ SP (CD42CD8+ TCRhi CD69hi), and more mature
CD8+ SP (CD42CD8+ TCRhi CD69lo) subsets. Eomeso-
dermin mRNA is first upregulated in Itk2/2 and Rlk2/2Itk2/2
DPs undergoing positive selection compared to wild-
type DPs at this stage of maturation (12- to 16-fold
increase in Itk2/2 and Rlk2/2Itk2/2 TCRhi CD69hi DPs
compared to wild-type) (Figure 7B). As DP cells transition
into the CD8+ SP lineage, the increased expression of
eomesodermin becomes even more striking, resulting
in 20- to 50-fold increases in eomesodermin mRNA
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87Figure 7. CD8+ Thymocytes from Itk2/2 and Rlk2/2Itk2/2 Mice Express High Levels of Eomesodermin
(A) Thymocytes from wild-type, Itk2/2, and Rlk2/2Itk2/2 mice were sorted into CD4+CD8+ (DP), CD4+CD82 SP (CD4), and CD42CD8+ SP (CD8)
cell populations. In (B), CD4+8+ DP and CD428+ SP cells were further sorted into TCRblo CD692 and TCRbhi CD69+ populations. Total RNA was
then isolated, cDNA prepared, and real-time quantitative PCR performed for eomesodermin and b-actin. The y axis values represent the means
of eomesodermin transcript amounts normalized to the b-actin values determined for each sample. Error bars are the SD of values obtained from
triplicate reactions. Data are representative of two independent experiments.in Itk2/2 and Rlk2/2Itk2/2 TCRhi CD69hi CD8+ SPs com-
pared to wild-type control cells. These data demonstrate
that the maturation of CD8+ SP thymocytes in the ab-
sence of Itk, or Itk and Rlk, is accompanied by a dramatic
upregulation of eomesodermin transcripts, thereby ac-
counting for the activated or memory cell phenotype
and functional behavior of these cells. Furthermore,
these findings provide molecular evidence that Itk2/2
and Rlk2/2Itk2/2 CD8+ SP thymocytes are distinct from
conventional CD8+ SP thymocytes, thus demonstrating
that signaling through Itk and Rlk is necessary for the
normal development of conventional CD8+ T cells.
Discussion
The data presented in this report and the accompanying
article by Broussard et al. (2006) indicate that conven-
tional CD8+ T cell maturation is highly dependent on sig-
naling through Itk and Rlk. We show that the majority of
CD8+ SP thymocytes and peripheral T cells that arise in
Itk2/2 and Rlk2/2Itk2/2 mice are distinct from conven-
tional TCRab+ CD8+ T cells. As opposed to normal naive
CD8+ T cells, the Itk2/2 and Rlk2/2Itk2/2 CD8+ T cells
resemble previously activated or memory CD8+ T cells,which, in addition to being CD44hi and CD62Lhi, also ex-
press increased amounts of the activation or memory
markers, CD122 and NK1.1. Further supporting their sta-
tus as effector or memory cells, Itk2/2 and Rlk2/2Itk2/2
CD8+ thymocytes and peripheral T cells produce IFN-g
in response to simulation immediately ex vivo. In addi-
tion, the maturation of these memory phenotype CD8+
T cells in the thymus and their maintenance in the
periphery are totally dependent on IL-15. What distin-
guishes these cells from conventional, peripheral mem-
ory CD8+ T cells is that these features are not acquired
by the cells as a result of peripheral activation signals
but instead arise during the process of intrathymic
development.
In all of these aspects, Itk2/2 and Rlk2/2Itk2/2 CD8+
thymocytes and peripheral T cells bear a striking similar-
ity to nonconventional T cell lineages, such as cells spe-
cific for nonclassical MHC class I-b molecules. One
subset of such cells is NKT cells that are specific for gly-
colipids bound to the CD1d molecule. The CD8+ T cells
in Itk2/2 andRlk2/2Itk2/2mice share many common fea-
tures with NKT cells, including the expression of many
maturation and activation markers (HSAlo, CD44hi,
CD122hi, and NK1.1+) (Bendelac et al., 1997). In addition,
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uscript, Itk2/2 andRlk2/2Itk2/2CD8+ SP thymocytes are
abundantly selected in bone marrow chimeric mice in
which only the hematopoietic donor cells, but not the
host thymic stromal cells, express MHC class I mole-
cules (Broussard et al., 2006). This positive selection
behavior is a characteristic of NKT cells and is distinctly
different from that of conventional CD8+ T cells (Ohteki
and MacDonald, 1994). Finally, we show that the periph-
eral maintenance of Itk2/2 CD8+ T cells is stringently
dependent on IL-15, another characteristic feature of
NK-T cells (Kennedy et al., 2000).
In spite of these strong correlations, it seems unlikely
that Itk2/2 and Rlk2/2Itk2/2 CD8+ T cells are bona fide
NKT cells. NKT cells that are specific for ligands bound
to the CD1d molecule are found in the CD4+ and
CD4282 subsets, but not among the CD8+ T cell popula-
tion (Bendelac et al., 1997). In addition, CD8+ SP thymo-
cytes in Itk2/2 and Rlk2/2Itk2/2mice fail to stain with
CD1d a-gal-cer tetramers (M.F., A. Tanaka, A. Bendelac,
and L.J.B., unpublished data). Another possibility is that
Itk2/2 andRlk2/2Itk2/2CD8+ T cells might be specific for
the MHC class I-b molecule, H2-M3. H2-M3-specific T
cells share many of the features of CD1d-specific NKT
cells, including an activated or memory phenotype, the
ability to make cytokines directly ex vivo, and the ability
to be selected on MHC class I molecules expressed on
hematopoietic cells in the thymus; however, unlike
NK-T cells, H2-M3-specific T cells are CD8+ (Das et al.,
2001; Seaman et al., 2000; Urdahl et al., 2002). Based
on these similarities, it is possible that Itk2/2 and
Rlk2/2Itk2/2 CD8+ T cells consist, in part, of H2-M3-
specific cells. However, this hypothesis cannot account
for most of the CD8+ T cells in Itk2/2 and Rlk2/2Itk2/2
mice, as the majority of Itk2/2 CD8+ SP thymocytes fail
to develop in mice lacking the classical MHC class I mol-
ecules, Kb and Db (Broussard et al. [2006], accompany-
ing manuscript).
Instead, we propose that Itk2/2 and Rlk2/2Itk2/2 CD8+
SP thymocytes develop as a result of altered TCR signals
that resemble, or mimic, those that normally select MHC
class I-b-specific cells. Consistent with this hypothesis,
our analysis of OT-1 Itk2/2 mice, as well as the analysis
of ERKSEM Itk2/2mice by Broussard et al. (2006), indicate
that the developmentofCD8+ SPthymocyteswith thisun-
usual phenotype is resolved when sustained TCR signal-
ing during thymic development is less dependent on Itk.
Therefore, we hypothesize that Itk2/2 and Rlk2/2Itk2/2
CD8+ SP thymocytes undergo altered lineage differentia-
tion in response to reduced TCR-mediated signals.
One insight into the mechanism leading to altered
lineage differentiation is the profound upregulation of eo-
mesodermin expression in Itk2/2 and Rlk2/2Itk2/2 CD8+
SP thymocytes. This transcription factor is known to reg-
ulate CD8+ T cell effector functions, such as the ability to
produce IFN-g, upon TCR stimulation. In addition, eo-
meosodermin has recently been shown to directly in-
duce CD122 expression (Intlekofer et al., 2005). These
findings suggest that eomesodermin is a key factor reg-
ulating the differentiation of thymocytes lacking Itk and
Rlk. Furthermore, our data indicate that increased ex-
pression of eomesodermin is readily detectable in the
subset of Itk2/2 and Rlk2/2Itk2/2 DP thymocytes that
are in the process of receiving positive selection signals.These results strongly support the conclusion that Itk
and, potentially, Rlk play an important role during CD8+
T cell differentiation and that altered thymic develop-
ment is responsible for the memory cell phenotype of
Itk2/2 andRlk2/2Itk2/2CD8+ SP thymocytes and T cells.
These results also raise the interesting possibility that
increased expression of eomesodermin may be respon-
sible for this phenotype.
It is also interesting to note that the memory cell phe-
notype of Itk2/2 and Rlk2/2Itk2/2 CD8+ T cells is similar
to that of CD8+ T cells found in mice overexpressing
IL-7 (Kieper et al., 2002) or IL-15 (Berard et al., 2003), or
in CD8+ T cells genetically altered to have enhanced re-
sponses to gc-dependent cytokine receptor signals
(Burchill et al., 2003; Chong et al., 2003; Ilangumaran
et al., 2003b). For instance, CD8+ SP thymocytes and pe-
ripheral T cells lacking SOCS-1, an inhibitor of cytokine
signaling, are CD44hi; furthermore, thymi of Socs12/2
and Socs12/2Ifng2/2 mice cultured in the presence of
IL-7 or IL-15 generate more CD8+ SP cells than those ex-
pressing SOCS-1 (Chong et al., 2003; Ilangumaran et al.,
2003b). A similar phenotype is also seen with CD8+ T
cells from CA-STAT-5b transgenic mice, in which there
is constitutive activation of the signaling pathways
downstream of the gc-cytokine receptors (Burchill
et al., 2003). It is unlikely that Itk2/2 and Rlk2/2Itk2/2
CD8+ SP thymocytes are intrinsically more responsive
togc-dependentcytokine receptorsignalsduetoadirect
role for Itk and/or Rlk in these pathways. Instead, we sug-
gest that this shared phenotype results from the in-
creased expression of the IL-2-IL-15Rb chain (CD122)
on Itk2/2 and Rlk2/2Itk2/2 CD8+ SP thymocytes com-
pared to conventional wild-type CD8+ thymocytes,
which thereby leads to enhanced responses to cyto-
kines. As IL-15 has been shown to promote the survival
of naive CD8+ T cells (Berard et al., 2003), as well as their
differentiation into effector cells capable of producing
IFN-g (Cookson and Reen, 2003), this connection may
account for the disappearance of the memory cell phe-
notype CD8+ SP thymocytes and T cells in Itk2/2Il152/2
mice. We also noted that Itk2/2Il152/2mice retain a clear
population of naive (CD44lo) CD8+ cells in the thymus that
fail to accumulate in the periphery. These findings sug-
gest the interesting possibility that conventional CD8+
SP thymocytes that may develop in the absence of Itk
are impaired in signals required for thymic emigration.
Overall, these data suggest the following model. Al-
tered TCR signaling during positive selection of MHC
class I-specific thymocytes in the absence of Itk or Itk
and Rlk promotes the upregulation of eomesodermin.
Eomesodermin then directly induces CD122 expression
(Intlekofer et al., 2005), thereby enhancing the respon-
siveness of these cells to cytokines, such as IL-15. In re-
sponse to IL-15, Itk2/2 andRlk2/2Itk2/2CD8+ SP thymo-
cytes upregulate Bcl-2 (Berard et al., 2003; Lucas et al.,
2002), increasing their survival and promoting their
differentiation into CD8+ effector cells. High levels of
eomesodermin further contribute to the differentiation
of CD8+ T cells with immediate effector function capabil-
ities, such as the ability to produce IFN-g. In addition,
these findings suggest the intriguing possibility that
a similar series of events regulates the maturation of
MHC class I-b-specific T cells in response to weaker
positive selection signals following interactions with
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I-b molecules.
An alternative model that is also consistent with our
data is that CD8+ T cells with characteristics of innate
lymphocytes develop in Itk2/2 and Rlk2/2Itk2/2 mice in
response to high affinity and/or avidity TCR-pMHC inter-
actions. Based on this reasoning, the absence of Itk and
Rlk signaling would lead to impaired negative selection
of such cells and would redirect these cells into an
innate lymphocyte lineage. In support of this model,
Yamagata and colleagues recently demonstrated that
high-avidity TCR-pMHC interactions induce CD4+8+
thymocytes to differentiate into CD8+ SP thymocytes
with many features of innate lymphocytes, including the
ability to produce IFN-g immediately ex vivo (Yamagata
et al., 2004). However, unlike the Itk2/2 and Rlk2/2Itk2/2
CD8+ SP thymocytes, the cells described by Yamagata
et al. expressed only the CD8aa homodimer and had
completely downregulated expression of CD8b follow-
ing maturation; in addition, these CD8aa+ cells showed
no increased expression of eomesodermin.
One consistent aspect of these models is the concept
that Itk2/2 and Rlk2/2Itk2/2 thymocytes are selected
into an alternative CD8+ lineage as a result of altered pat-
terns of TCR signaling. This notion, that differential
strengths or types of TCR signaling can lead to distinct
developmental outcomes, has also been proposed to
account for the development of CD4+CD25+ T regulatory
cells versus conventional CD4+ T cells, as well as for the
divergent development of invariant NK-T cells from
CD4+8+ thymocytes that generally give rise to conven-
tional T cells (Bendelac, 2004). In the latter case, ample
evidence has demonstrated that distinct signaling pro-
teins/pathways are required for NK-T cell development
but dispensable for conventional T cell maturation
(Chung et al., 2005; Eberl et al., 1999; Gadue et al.,
1999; Nichols et al., 2005; Pasquier et al., 2005;
Schmidt-Supprian et al., 2004; Stanic et al., 2004). Our
data indicate that signaling through Tec family kinases
is a critical component of the pathway that produces
conventional CD8+ T cells from CD4+8+ precursors in
the thymus.
Experimental Procedures
Mice
Itk2/2mice were generated previously in our lab (Liu et al., 1998) and
were backcrossed more than nine times to the C57BL/10 back-
ground. Rlk2/2Itk2/2 mice were a kind gift of Dr. Pamela Schwartz-
berg (NIH) and were backcrossed more than five times to the
C57BL/6 background. Wild-type littermates and nonlittermate
C57BL/10 mice were used as controls. Itk2/2 mice were crossed to
Il152/2 (C57BL/6) mice obtained from Dr. Joonsoo Kang with permis-
sion from The Immunex Corporation. OT-1 TCR (C57BL/6) transgenic
mice were obtained from Dr. Kenneth Rock with permission from Dr.
Frank Carbone. CD45.1 congenic mice were purchased from Charles
River Laboratories at NCI-Fredrick Animal Prodution Area (Fredrick,
Maryland). All mice used were between 6 and 12 weeks of age and
were maintained at the University of Massachusetts Medical Center
animal facility under specific pathogen-free (SPF) conditions. All
animal studies were approved by the institutional IACUC.
Antibodies and Flow Cytometry
Thymocytes and peripheral lymphocytes were obtained and stained
as described previously (Lucas et al., 2002). The following anti-
bodies and secondary reagents were purchased from BD Pharmin-
gen (San Diego, California): CD8a-FITC, CD8b-biotin, CD4-PE,CD44-Cy-Chrome, CD62L-PE, TCRb-FITC, CD122-PE, HSA-biotin,
NK1.1-PE, CD3-biotin, CD8a-Cy-Chrome, CD8a-allophycocyanin,
IFNg-PE, Va2-PE, Vb5-FITC, strepavidin-allophycocyanin, and
CD69-FITC. Anti-Bcl-xL-PE was purchased from Southern Biotech-
nology Associates (Birmingham, Alabama). Anti-BrdU-FITC was
purchased from BD Biosciences (Mountain View, California). Anti-
body staining was analyzed using a FACSCalibur (BD Biosciences)
and data analyzed using both Cell Quest (BD Pharmingen, San
Jose, California) and Flowjo software (Treestar, Ashland, Oregon).
Thymocytes subsets were sorted on a MoFlo machine (Cytomation).
Ex Vivo Stimulation and Intracellular Staining
for IFN-g and Bcl-xL
Thymocytes were stimulated with PMA (5 ng/ml) and ionomycin (50
ng/ml) in media containing golgi-plug and golgi-stop (BD Pharmin-
gen) for 5 hr or with IL-15 (40 ng/ml, R&D Systems, Minneapolis,
Minnesota) for 36 hr at 37C. Following stimulation, the cells were
stained for surface antigens and then stained intracellulary for IFN-g
or Bcl-xL using the intracellular stain Cytofix/Cytoperm kit protocol
(BD Pharmingen).
BrdU Incorporation
Mice were injected intraperitoneally with 2 mg of BrdU (Sigma
Aldrich, St. Louis, Missouri) in PBS 12 hr before harvest. Cells
were plated at 6 3 106/well and then stained for surface antigens.
Following extracellular staining, the cells were washed in PBS and
then fixed and permeabilized with Cytofix/Cytoperm for 20 min at
4C. The cells were then washed with PBS and fixed again in 1%/
0.1% paraformaldehyde/Tween-20. To stain for BrdU, cells were
spun down and washed twice in PBS at room temperature and
subsequently resuspended in 200 ml of DNase solution (750 ml 5 M
NaCl, 105 ml 1 M MgCl2, 250 ml 1 mM HCl, 24 mg DNase [Roche
Applied Sciences, Indianapolis, Indiana], 23.9 ml dH2O) and incu-
bated at RT for 10–30 min. The cells were then washed and incu-
bated in 50 ml of a 1:10 dilution of anti-BrdU-FITC for 30 min. At
the end of the incubation period, the cells were washed twice and
analyzed by flow cytometry.
Adoptive Transfer of CD8+ Thymocytes
Single cell suspensions were generated from thymi isolated from
wild-type and Itk2/2 mice. CD4+ and DP thymocytes were depleted
by incubating with a complement-fixing anti-CD4 antibody followed
by incubation with rabbit complement (Cedarlane Laboratories, Inc.,
Hornby, Ontario, Canada). Live cells were isolated by Lympholyte-M
(Cedarlane Labs) gradient, stained for CD8 and CD44 expression,
and sorted into CD8+CD44lo and CD8+CD44hi subsets. These sorted
populations were then adoptively transferred (23 106 wild-type and
Itk2/2 CD8+ CD44lo thymocytes and 43 106 CD8+ Itk2/2 CD44hi thy-
mocytes) into separate wild-type CD45.1 congenic mice. The pres-
ence of transferred CD45.2 donor cells in spleen, lymph node, and
thymus of host mice was examined from day 1.5 posttransfer to
approximately 16 days posttransfer.
Bone Marrow Chimeras
Bone marrow was isolated from femurs of CD45.2 wild-type, Itk2/2,
and Rlk2/2Itk2/2 mice and depleted for T cells using complement
fixing anti-Thy1.2 antibody and rabbit complement. 1 3 106 cells
were injected into lethally irradiated congenic (CD45.1) mice. Mice
were analyzed 8–12 weeks after reconstitution.
Real-Time Quantitative PCR
For the analysis of eomesodermin expression, total RNA was pre-
pared from 0.2–1.0 3 106 sorted thymocytes as previously de-
scribed (Miller and Berg, 2002). cDNA was generated, and gene ex-
pression levels were analyzed by quantitative PCR as previously
described (Miller and Berg, 2002). Primers sequences were as
follows: b-actin sense, 50-CGAGGCCCAGAGCAAGAGAG-30, anti-
sense, 50-CGGTTGGCCTTAGGGTTCAG -30; eomesodermin sense,
50-TGAATGAACCTTCCAAGACTCAGA-30, antisense, 50-GGCTTGA
GGCAAAGTGTTGACA-3. For the generation of standard curves,
cDNA clones of eomesodermin and b-actin were used.
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Supplemental Data include one figure and can be found with this
article online at http://www.immunity.com/cgi/content/full/25/1/
79/DC1/.
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